This study investigates the drilling fluid flow behavior of two water-based drilling fluids in circular and annular tubes. The study has four main objectives: 1) to evaluate correlations between the Power Law and the Casson rheological models, 2) to characterize the flow behavior, 3) to evaluate five hydraulic-diameter equations, and 4) to evaluate the correlations of five turbulent flow-friction factors. The experimental fluid flow loop consisted of one positive displacement pump of 25 HP connected to a 500-liter tank agitated by a 3-HP mixer. The fluids passed through six meters long tubes, arranged in three horizontal rows with independent inlets and outlets. The circular tubes had a 1 inch diameter and were configured as two concentric annular tubes. Annular Tube I had an outer diameter of 1 ¼ inch and an inner diameter of ½ inch. Annular Tube II had an outer diameter of 2 inches and an inner diameter of ¾ inch. The results show that, for the fluids in exam, correlations proposed in the literature were inaccurate as far as predicting hydraulic diameter, estimating pressure drop, and defining the flow regime. In general, the performance of those correlations depended on the fluid properties and on the system's geometry. Finally, literature parameters for some of the correlations were estimated for the two drilling fluids studied. These estimations improved the predictive capacity of calculating the friction factor for real drilling fluids applications for both circular and annular tubes.
INTRODUCTION
A well drilling process involves drilling fluids that exhibit non-Newtonian behavior. These fluids flow along the drilling columns and within the annular ring formed by the column and the well's wall. A good estimation of the pressure drop or the friction loss coefficient is relevant to projecting hydraulic and pumping systems and, moreover, to controlling bottom pressure during operation.
Oil and gas wells are both expensive and risky to drill. Researchers, aiming to optimize energy costs and operation control, have taken a keen interest in drilling fluid behavior. Drilling fluids, especially those with non-Newtonian characteristics, have many formulations. Out of the drilling fluid's four basic functions, its primary one is to exert hydrostatic pressure over the permeable formations. This helps prevent the formation's fluids from invading the well during drilling operations. A second function of drilling fluids is to remove gravel formed by fractured rocks. The other two functions are to cool and lubricate the drill. Fluid pressure is normally kept above the formation's pore pressure to prevent kick events. Kick events, in some cases, can lead to an uncontrolled influx, commonly called as blowout. This work determines the friction factor and pressure drop of two real water-based drilling fluids in circular and concentric annular tubes. In regard to the hydraulic project and the design of the well, experimental data permitted the evaluation of the friction factor correlations available in the literature. The data also permitted the evaluation of the limits of flow as well as the hydraulic diameter equations. The Power Law and the Casson models were adopted to describe the fluids' rheological behavior. The Power Law model is widely used in the petroleum industry to describe fluid behavior. The Casson model is important when the fluid behavior presents yield stress. To calculate the drilling fluid's pressure drop in the tubes, analyses were done of the flow regimes, five hydraulic diameter equations and correlations for friction factors. The new parameters were proposed for the literature's friction factor correlations considering the applications involving these fluids and the need for an equation that would improve hydraulic projects.
CORRELATION
TO CALCULATE FRICTION FACTOR, HYDRAULIC DIAMETER AND FLOW REGIME
Rheological models and generalized Reynolds number
Frequently, drilling fluid's rheological behavior is described by employing the Power Law and the Casson models, as in Equations 1 and 2.
(1) (2) where τ is the shear stress, γ is the shear rate, k and n are the fluid consistency and fluid behavior index of the power law model, μ p and τ 0 are the plastic viscosity and yield stress of the Casson model. 
Definition of flow regimes
The critical Reynolds number (Rec) defines the transition between laminar and turbulent flow. The limits of each flow regime may be calculated through experimental plots of pressure drop versus volumetric flow. In these experimental curves, changes in slope indicate the limits between flow regimes. Using this technique, one can obtain the critical flow, which may be used to calculate the critical Reynolds number. Each critical Reynolds number must be calculated in accordance to each rheological model.
Ryan and Johnson (1959) proposed Equation 6
to formulate a general criterion to characterize the flow regime. (6) where n is the rheological parameter of the Power Law model.
Intuitive physical arguments suggested the use of a local flow stability parameter as a way to characterize the flow regime. Such a parameter is a function of the ratio between the fluid's energy input and energy dissipation. This inference has been verified for several pseudoplastic fluids. 
Hydraulic Diameter
Five equations were investigated to calculate the hydraulic diameter. The first one (D H1 ) was developed analytically, considering the annular region formed by two concentric cylinders as a fissure formed by two plane plates. This theory, known as Slot, generated Equation 12. Its considerations are valid when the ratio between the internal and external diameter is greater than 0.3 (Bourgoyne et al., 1991).
The second equation (D H2 ) was developed analytically from the theory of the hydraulic radius (Bourgoyne et al., 1991) . The ratio of the area between the cross section and the wet perimeter of the annular region determines the hydraulic diameter, which is equivalent to four times the value of the hydraulic radius, as seen in equation 13. (32) and ε is the roughness.
MATERIALS AND METHODS
A multipurpose fluid flow loop made up of circular and annular tubes was constructed. The diameters of the tubes and pumping capacity were projected in a way that the experimental tests would be a dynamic representation of a drilling fluid flow in the field. In this loop, it was possible to maneuver the fluid through the circular and annular tubes.
The tubes were made of galvanized iron and the loop was operated in a closed circuit. For the Reynolds number, the fluid flow loop operated in a range of 500 to 5,000. The reason for all these efforts was to maintain the geometrical and dynamical similarity between the experimental unit and field conditions. The fluids flowed in six-meter long tubes arranged in six rows with independent inlets and outlets, Figure 1 . This experiment observed the operation of only three of these rows, composed of one circular 1 inch diameter tube and of two concentric annular tubes. Annular I had an outer diameter of 1¼ inch and an inner diameter of a ½ inch. Annular II had an outer diameter of 2 inches and an inner diameter of ¾ inch. In petroleum drilling fields, Annular I had a ratio of 12 ¼ inches to 5 ½ inches and Annular II had a ratio of 8 ½ inches to 5 inches. The first diameter dimension represents the diameter of the well and the second one the diameter of the drilling column. The tube rows were connected to a 500 liter stainless steel tank, equipped with a 3 HP vertical mixer. Differential pressure gauges, with ranges of 0-35 mmHg, 0-350 mmHg, and 0-950 mmHg, were used to register the pressure drop of the fluid flow. The pressure plugs, where the pressure was transmitted to the gauges, were positioned at least 60 diameters away from the entry and exit regions of each tube. The gravimetric technique was used to determine, in triplicate, the flow rate. Figure 2 presents the dimensions of the circular and two annular concentric tubes. It also shows the sections where the pressure drops were taken. For the circular tube exclusively, double of the test's section was used to provide a greater collection of flow rates during the experiment.
The non-Newtonian pseudo-plastic fluids, named 1 and 2, were provided by Petrobras. The Brazilian petroleum company provided a 1000-liter sample of each fluid from its production fields. These fluids had been used in drilling operations in Brazilian oil fields. The fluids were water based, constituted basically of polymeric solutions (Xanthan gum and cationic polymer), cationic surfactant, amide, potassium chloride and calcite. To protect the company's confidentiality, the concentrations of each component were omitted. The density of the fluids was obtained by picnometry. The values obtained were 1150 Kg/m³ for Fluid 1 and 1100 Kg/m³ for Fluid 2.
During the experiments, the temperature of the fluids ranged from 21°C to 48°C. In this case, the temperature effect was evaluated through the rheological determination of each experimental point using a FANN viscometer, model 35A. Fluid samples were collected from the tank at the same time that the fluid flow and pressure drop were recorded.
The viscometer worked with six frequency options, varying from 3 to 600 rpm, with shear rates ranging between 5.1s 
RESULTS AND DISCUSSION

Determination of flow regimes
For typical results, Figure 3 shows the differential pressure versus volumetric flow rate for Fluid 1 flowing in a circular tube. The slope of the straight lines generated by the experimental points changed at a certain point. This behavior, defined by the critical flow point, indicated that the flow regime was changing from laminar to turbulent regimes. Metzner and Reed (1955) described two critical points: the first one defines the end of the laminar regime and the second one defines the beginning of the turbulent regime. Between the critical points there was a transition zone. In order to calculate the Rec of Annular I and II at the critical flow, it is necessary to use correlations for the hydraulic diameter. Five hydraulic diameter correlations were evaluated in this work. where σ is the relative error, Ev is the experimental value and Vc is the value obtained from the correlation.
The correlations of Ryan and Johnson (1959) and Mishra and Tripathi (1971) depend only on the rheological parameter n from the Power Law model and contain no information about flow geometry.
The correlations of Hanks (1963), Craft (1962) , and Thomas (1963) depend on the adopted geometry. In this case, it is necessary to calculate the Rec number for each tube analyzed. Critical Reynolds numbers were calculated using correlations of Hanks, Craft and Thomas. Table 6 shows the relative error between correlations and the experimental data obtained using the Power Law model.
Evaluation of the hydraulic diameter correlations
Equation 34 was used to evaluate the hydraulic diameter correlations by comparing the pressure drop measured experimentally with the one calculated for the annular tubes in laminar flow. In this equation, D is the value of the hydraulic diameter used by one of the correlations and f is the Fanning friction factor in laminar flow.
(34) As typical data samples, Tables 7 and 8 show the average absolute error between the pressure drop calculated for Fluids 1 and 2 and the experimental data. Figure 4 presents experimental data for evaluation of hydraulic diameter correlations using Power Law for Annular II. According to the results found in Tables 6 and 7 (2000) quantified the correlation between the hydraulic diameter, fluid type, and rheological model. According to them, the hydraulic diameter can be corrected depending on the rheological model adopted by defining the effective diameter. For instance, in evaluating the pseudoplastic fluids one observes that the effective diameter is smaller than the physical diameter while for dilatant fluids the opposite occurs. 
Bailey and Peden
Evaluation of correlation for friction in turbulent flow
Equation 34 was used to determine the experimental friction factor. These results were compared with the results obtained by correlations presented in Equations 17 through 32. In those evaluations, the choice of the hydraulic diameter correlation depended on three things: the fluid's behavior, the rheological model, and the flow geometry. For the circular tube, Figure 5 the Power Law model (Table 9) . For Annular I, considering the same fluid and rheological model, the DMGomes's equation provided the best results (Table 9) . At turbulent flow for Fluid 1 in the circular tube and using the Casson model, none of the equations was able to effectively describe the friction factor (Table 10) (Table 11 and 12). For the annular tubes, the correlation presented by Ellis and George (1977) yielded the smallest absolute deviations. These equations are without the terms "n" and "He".
For the two fluids and for all tube geometry studied in this work, the equations proposed by According to the results, the friction factor equations with the smallest deviations for the circular tube differed from those for the annular tubes, considering always the same fluid and rheological model. This discrepancy may be due to friction factor equations not being directly dependent on the geometry of the tube. These correlations, functions of the Reynolds number, depend heavily on which equation of the hydraulic diameter is used, consequently causing the observed differences.
It was observed that Fluid 2 generated the greatest values in pressure drop. In this case, the correlations that present the smallest deviations were either Ellis and George's (1977) or Churchill's (1977), depending on the geometry which Otherwise, Fluid 1 produced the smallest pressure drop. As a result, the correlations that best fit were those with small friction factor values.
In the literature, the Casson model is commonly applied to describe fluids with the yield stress parameter, characterized by the Hedstron number. The correlations for friction factor that presented the smallest deviations for this model were those not having the Hedstrom number in its structure. This observation showed that in this case the yield stress of the fluids is not significant when calculating the friction factor.
Proposal for new parameters for Ellis and George's correlation
To achieve better results for the friction factor for real water-based drilling fluids investigated in this work, new parameters were proposed for the correlations presented in the literature. Where A, B, and C are parameters.
As the geometry of the tube affects the choice of correlations, the parameters for those different geometries and different fluid formulation were reestimated. The parameter for re-estimation was performed using a nonlinear regression. Tables 13 through 16 show the values of the estimated parameters and the average absolute error. The data shows that in all cases the new correlation fits better the experimental data.
Using the Power Law and Casson rheological models, the parameters obtained for the circular tube were quite different from those obtained for the annular tube. This nullifies any single equation that may describe the behavior of the friction factor for the three geometries and the two rheological models studied. 
CONCLUSIONS
Based on the results attained, one can conclude that the critical Reynolds number correlations do not generally match the experimental data. Moreover, the experimental method used to define the flow regime was inaccurate. In this case, the definition of the flow regime was affected strongly by the experimental critical point determination.
The selection of the hydraulic diameter equation depended on fluid type, rheological model, and tube geometry. In all cases, equations D H1 and D H3 gave similar results. In contrast, equations D H4 and D H5 presented unsatisfactory results.
A general conclusion that may be drawn from this work is that the performance of the friction factor correlations at turbulent flow depended also on fluid type, rheological model, as well as on the hydraulic diameter equation. Therefore, good results were obtained with the Ellis and George's (1977) correlation.
Finally, new parameters have been proposed for correlations presented in the literature using the fluids studied. For instance, Fluid 2's best correlation was with that proposed by Ellis and George (1977) . In this case, the new parameters adequately predicted the friction factors at turbulent flow in three different geometries using the Power Law and Casson rheological models for the two fluids examined.
